Classification
of the Cytological Activity of Phenols and Aromatic Organophosphates1 A. A. Nethery2 and G. B. Wilson Received July 18, 1965 Antimitotic effects have been reported for several members of the class of compounds which may be described as the simple substituted phenols (Muhling et al., 1960 , Hindmarsh 1951 , Levan and Tjio 1948 , Loveless and Revell 1949 , Clowes 1951 . Muhling et al. (1960) showed that complex derivatives such as the phenoxyalkyl acids exhibit an effect on mitosis similar to that of the phenols, and suggested that this pattern might be characteristic of the majority of compounds containing a "phenolic"
ring. This investigation was therefore undertaken to determine 1) whether a generalized pattern of effect was common to this family of compounds,
2) whether such effects are found with more complex derivatives of phenols (specifically, the aromatic organic phosphorus compounds), and 3) whether structure activity relationships exist.
Materials and methods
The cytological test system used was the pea root meristem test discussed in some detail by Wilson (1965) . Primary roots of Pisum sativum var. Alaska were treated with the chemical tested by adding the chemical to the liquid nutrient medium in which the germinated seedlings were suspended. Whenever true solutions could not be prepared due to the low water-solubility of the compounds, suspensions were made by the use of the surfactant Tween 80, which was found to have no recognizable cytological effect at the concentrations used. Treatments were made for a period of 1/2 hour, at several dose levels for each chemical. Sample roots were taken at various intervals after the initiation of the treatment, fixed in 6 parts methanol, 3 parts chloroform and 2 parts propionic acid, and stained by the Feulgen squash technique. Untreated control roots were also similarly sampled during each experimental run.
Observations
All of the simple substituted phenols tested were found to have three separable effects on mitosis: 1) inhibition of the onset of mitosis, 2) in terference with the transition of cells from late prophase to prometaphase, and 3) spindle inhibition or disruption.
Although the degree to which each of these effects is observable is dependent on the compound tested and on the dose level, each of the three effects produced a characteristic pattern of response which may be used to distinguish the activity of these compounds. Mitotic inhibition was recognizable by the changes occurring in the mitotic index, which is the sum of the dividing figures per thousand total cells counted at random. Fig. 1 shows the changes in mitotic index with time resulting from treatment with 40mg/liter of 2, 4, 5-trichlorophenol (2, 4, 5-TCP).
A similar pattern was observed with treatments of all phenols tested.
Since no significant depression occurred before 1 1/2 to 2 hours after treatment, it is apparent that this inhibition must be occurring more than one hour prior to the onset of mitosis. It is obvious from the immediacy of the blockage of late prophase, to be discussed later, that these compounds enter the cell rapidly.
Therefore, the susceptible point for mitotic inhibition of this type is some portion of interphase which corresponds to a segment of the post-DNA-synthetic period, G2, and may even overlap slightly into late S (DNA-synthetic period). There also must be a short period in late G2 which is insensitive to inhibition.
The extent of the depression of the mitotic index did not appear to be strictly dose-dependent, although the time required for the eventual recovery depended on the dose level; that is, higher dose levels resulted in longer periods of depression before recovery occurred.
On recovery, the mitotic index characteristically reached levels much greater than the control level. This peak of mitotic activity is due to a partial synchrony induced by the release from inhibition of cells which have been blocked during interphase.
The greatest index peak obtainable with treatment by phenolic compounds is about 200 percent of the control value. Since the average control level of mitotic activity in the pea root meristem is about 6 to 7 percent of all cells, this results in 12 to 14 percent synchrony at best. This peak of partially synchronized cells correlates well with the improved synchrony in colchicine induced tetraploid cell populations found by Van't Hof (1961) with treatment by 2, 4-dinitrophenol.
The minimum dose level of each compound which produced significant mitotic inhibition can be used to compare the relative antimitotic activities of the compounds.
By this means, the effect of the type, number and posi tion of the substituent groups on the phenol ring may be studied. Table 1 lists the chemicals tested and the minimal effective dose levels, in their order of effectiveness from the most to the least effective, as indicated by their inhibition of mitosis. Inhibition of the prophase-prometaphase transition was scored by count ing the number of cells in each stage of mitosis out of 200 randomly selected dividing cells. From this, the ratio of the number of late prophase cells to the total number of dividing cells (L/N, ratio) could be calculated. Changes in the L/N, ratio reflected the accumulation of late prophases due primarily to the failure of the transition to prometaphase and partly to the decrease in early prophases because of the concurrent mitotic inhibition. Fig. 2 shows the L/N, ratio resulting from treatment with 60mg/liter of 2, 4, 5-trichloro phenol, compared with the control values. Again, the other phenols tested followed this general pattern of effect. Because of the rapid initiation of blockage, as seen from the rise in the L/N_??_ ratio, it must be assumed that the susceptibility to this effect occurs during the prophase range, probably in the late prophase period. After the initial effect, the interactions of the mitotic inhibition and prophase blockage prevent a clear interpretation of the extent of the prophase block and of the subsequent recovery of the tissue.
Of the many compounds known to cause spindle disruption, the alkaloid colchicine is one of the most effective. Its distinctive effect on mitosis is termed "c-mitosis" and results in the formation of diagnostic configurations known as "scatters"
and "clumps".
Hadder and Wilson (1958) measured the effect of colchicine quantitatively by weighting the "clumps" with an index value of 2 and "scatters"
with an index value of 1, since they con sidered the "clumps" to be a full effect and the "scatters" to be a partial effect. Thus, the index of effect is determined as follows : Index= (number of "scatters")+2(number of "clumps")/ (normal post-prophase cells)+("scatters")+("clumps")
On the basis of this index, other compounds may be compared to colchicine to determine their relative activity in producing spindle disruption. While the curves pro duced by the phenols and the aromatic organophos phates were comparable to that of colchicine, in no case was a full effect found.
The point of attack of the phenols in regard to spindle disruption is presumed to be in the prometaphase-metaphase anaphase range, where colchicine has its effect. This is supported to some extent by the pro duction of deviant meta phase and anaphase configurations within a short time subsequent to treatment. Using the effect curves from six dose levels (in arithmetic progression) of 0-4-tert. -butyl-2-chlorophenyl, 0-methyl methylphosphoramidate (Ruelene), the areas under the curves were calculated in arbitrary units, and plotted as percent effect on a probability scale versus log dose in Fig. 4 . A straight line was obtained, confirming the sigmoid nature of the dose-effect relation ship, due to a "threshold" requirement at the lower end and toxicity at the high end. compound. The modifications of the general antimitotic effect by compounds incorporating certain substituent groups may be due to the influence of these groups in altering the physical characteristics of the molecule, such as solubility, dissociation constant, stability to hydrolysis, and inductive and steric factors.
The more electron-withdraw ing substituents were found to result in higher activities, when incorporated into the phenolic compound. Fieser and Fieser (1952) ceptible to hydrolysis and metabolic degradation or detoxification. of the Cytological Activity of Phenols 275
The capacity of the phenols, as influenced by the substituents , to accept or give up electrons, could also be involved in a possible mechanism of interference with hydrogen bonding (for instance, in the tertiary structure of proteins) essential for the normal transition of a nucleus from one stage to another.
The fact that the rather distantly related aromatic organic phosphorus compounds offer such similar cytological effects may be traceable to the high phosphorylating capacities of these compounds.
By the phosphorylation of certain enzymes, the corresponding free phenols may be liberated.
Thus, the antimitotic disturbances may be caused by the free phenol, rather than by the intact molecule.
If the chemical step re-activating the inhibited enzyme is sufficiently slow, side effects such as toxicity may occur. The side chains on the molecule would then affect the cytological activity of the compound only insofar as they would influence the uptake, transport and phosphorylating capacity of the intact molecule.
Summary
A wide range of both simple and complex derivatives of phenol produce the following characteristic antimitotic patterns:
(1) a particular type of inhibition of onset of mitosis in which recovery is to supracontrol levels; (2) inhibition of the transition of late prophase to prometaphase and (3) a pattern of spindle disturbance qualitatively similar to that produced by col chicine. It is suggested that the nature and degree of the effect is largely determined by the electrochemical properties of the effective molecules.
